New generation of rotary transfer machines processing different models of parts is considered. In order to enhance the costeffectiveness of mixed-model rotary transfer machines, the problems of process planning for the parts to be machined and the configuration of a rotary transfer machine are integrated in the same optimisation problem. This problem is modelled as a combinatorial optimisation problem. The decisions to be taken simultaneously concern the orientation of parts for machining, the machining parameters for processing the parts as well as the configuration of machining units to be used at working positions of the machine. Constraints related to the design of such unitsspindle heads, turretsand working positions, as well as precedence constraints related to machining operations, are taken into account. The problem consists in minimising an estimated cost of the rotary transfer machine, while reaching a given output and satisfying all the constraints. The proposed methods to solve the problem are based on its MIP formulation. The optimisation techniques are validated on an industrial case study. Numerical experiments evaluate the efficiency of the approach against the variety of parts to be produced.
Introduction
Within the today's context of increasing demand and product diversification, companies must be able to adapt their manufacturing systems for high variety production in order to profitably produce in small quantities different models of products. Mixed-model production is the practice of processing products without changeovers in the manufacturing system (Rabbani, Ziaeifar, and Manavizadeh 2014) . Such a production mode poses new challenges in production system design, planning and management. In order to be cost-efficient, several decision problems have to be considered jointly (Leonesio et al. 2013 ) such as process planning, system configuration and scheduling. In literature, each of these decision problems has attracted a large amount of research interest (Xu, Wang, and Newman 2011; Battaïa et al. 2012b; Guschinskaya et al. 2009; Dolgui et al. 2008 ). However, conventionally, they have been performed sequentially (Lv and Qiao 2014) . Under the modern production constraints and global competition, the strong dependence between these issues and its influence on the profitability of product manufacturing, resource utilisation and product delivery time cannot be ignored anymore. The growing amount of research work in the direction of joint consideration of these problems proves the importance of such an integrated approach.
It should be noted that the most advanced integration is currently realised between process planning and scheduling (Phanden, Jain, and Verma 2013; Bensmaine, Dahane, and Benyoucef 2014) . The primary goal of process planning is to specify raw materials or components, processes and operations needed to convert a part from its raw material to the finished form (Yin et al. 2014) . Scheduling receives process plans as its input and defines an order of processing the operations on machines while satisfying the precedence relations given in process plans. Scheduling is bound by process sequencing instructions given by the process plan and constrained by time-phased availability of production resources (Li and McMahon 2007) . However, even if a great research effort was dedicated to the integration of process planning and scheduling since the pioneer study by Chryssolouris, Chan and Suh (1985) , it still remains of limited functionality or compensated in computational efficiency due to the NPhard nature of both problems (Mohapatra et al. 2014) . The existing approaches for these two methods are broadly categorised into two types: the progressive/enumerative approach and the simultaneous/centralised approach. A comprehensive state-of-the-art review on the integration of process planning and scheduling has been recently realised by Phanden, Jain and Verma (2011) .
The configuration of machine tools and process planning problems is also traditionally managed as independent stages, where the process plan is designed by considering a number of machine tool solutions available from catalogue. Despite the fact that this strategy presents a number of disadvantages in terms of process results and machine capabilities fully exploitation, the integration of these decision problems has been rarely considered in the academic literature. Szadkowski (1971) has proposed one of the first models to optimise process plans for mass production taking into account combinatorial aspects and machining constraints. A graph approach for optimisation of mass production rotary transfer machines was proposed by Dolgui, Guschinsky and Levin (2009) . A decision support system for design of mass production machining lines composed of stations with rotary or mobile table was developed by Battaïa et al. (2012a) . This decision system included modules for part designing, process planning, system configuration and system cost optimisation. An integrated approach for jointly configuring machine tools and process planning with the objective to optimise the production costs was developed by Leonesio et al. (2013) . The problem of combinatorial customisation of automated production lines with rotary transfer and turrets was addressed by Battaïa et al. (2014a) . Integrated configurable equipment selection and line balancing for mass production with serial-parallel machining systems was considered by Battaïa et al. (2014b) .
The studies considering reconfiguration of machining systems when it is necessary to integrate new parts to be machined require also solving NP-hard optimisation problems. For the case of mass production, where the integration of new parts is not effortless, optimisation techniques were proposed by Makssoud, Battaïa and Dolgui (2014) . To improve the flexibility of existing machining systems, several studies were conducted by Valente (2009, 2010) , and Copani and Rosa (2015) . Tolio and Urgo (2013) have proposed a mathematical model to assess the reconfiguration cost for flexible transfer lines. Variety-oriented design of rotary machining systems used for family part production was discussed by Battaïa et al. (2015) .
Since no model available in the literature can be applied for the integrated process planning and system configuration for mixed-model machining on a rotary transfer machine, this paper develops such an optimisation model and evaluates it on an industrial case study.
The rotary transfer machine studied in this paper is used to produce simultaneously d 0 types of parts. Such machines are multipositional, that is, the parts are sequentially machined on m 0 (1, 2, . . ., m 0 ) working positions. One position of the machine (zero position) is exclusively used for loading new billets and unloading finished parts. It is assumed that the parts are loaded in sequence π = (π 1 , π 2 , . . ., π μ0 ) where π i 2 0; 1; 2; . . . ; d 0 f g , i = 1, 2, . . ., μ 0 , μ 0 is multiple to m 0 + 1 and π i = 0 means that no part is loaded. Using sequence π, one can define in one-to-one manner function π(i,k) of part number at the kth working position each time when machining part π i , that is,
& At each working position, several machining units (spindle heads or turrets) can be installed to execute the operations assigned to this position. There are vertical and horizontal units to process vertically or horizontally, respectively. A turret holds several machining tools which are applied to the parts to be machined sequentially. A horizontal turret (spindle head) can work in parallel with a vertical spindle head (but not a turret) to access to different sides of parts at a working position. A vertical spindle head can be common for several working positions, that is, can execute simultaneously operations on all these working positions. However, only one vertical turret can be mounted at one position or one common vertical spindle head can be installed for all working positions. Only one horizontal spindle head or turret can be used per position. For example, the rotary transfer machine in Figure 1 has one vertical spindle head common for positions 1, 3, 4, 5, two horizontal turrets on positions 1 and 3 and one horizontal spindle head on position 4.
The rest of paper is organised as follows. Section 2 describes the decision variables and input data for the joint process planning and system configuration problem for mixed-model machining on a rotary transfer machine. Sections 3 provides a mathematical model for the considered combinatorial optimisation problem. An industrial example is presented in Section 4. The results of numerical experiments are given and analysed in Section 5. Concluding remarks are reported in Section 6. 
Problem statement 2.1. Notations and definitions
Let N d be the set of machining operations needed for machining elements of the dth part, d = 1, 2, . . ., d 0 , located on n d sides and N d s , s = 1, 2, . . ., n d , be a subset of operations for machining elements of the sth side of the part d. Part d can be located in different orientations, the set of all possible orientations H(d) is known. Part orientation is done at zero position and still the same for all working positions. Elements of no more than one side can be machined by vertical spindle head or turret. All elements of other sides of the part have to be assigned to horizontal spindle heads or turrets. H(d) can be represented by matrix of dimension r d × n d where h rs (d) is equal j, j = 1,2 if the elements of the sth side of the part d can be machined by spindle head or turret of type j.
by the following parameters:
• length λ(p) of the working stroke for operation p ∈ N, that is, the distance to be run by the tool in order to complete operation p; Let subset N k , k = 1,. . .,m, contains the operations from set N assigned to the kth working position.
Let N k1 and N k2 be the sets of operations assigned to working position k that are concerned by vertical and horizontal machining, respectively.
Finally, let b kj be the number of machining modules (not more than b 0 ) of type j (vertical if j = 1 or horizontal, if j = 2) installed at the kth working position. Subsets N kjl , l = 1,. . ., b kj contain the operations from set N kj assigned to the same machining module.
The machining process imposes numerous constraints that have to be taken into account both for process planning and machining units' configuration. In the literature, these constraints are commonly divided in the following categories (Battaïa and Dolgui 2013) .
Since the machining operations naturally have precedence relationships, they have to be taken into account on the process planning step. They are expressed by a directed graph G OR = (N, D OR ) where an arc (p, q) ∈ D OR , if and only if operation p has to be executed before operation q. It should be noted that if such operations p and q belong to different sides of the part then they cannot be executed at the same position.
Tolerance constraints impose to execute certain operations at the same working position, by the same turret, by the same spindle head or even by the same spindle (for different parts). Such inclusion constraints are modelled by undirected graphs G SP = (N, E SP ),
if and only if operations p and q must be executed by the same spindle, machining module, turret or at the same position, respectively.
On contrary, certain operations cannot be performed at the same working position, by the same turret or by the same spindle head for such evident reasons as tool intersections, impossibility of tool location in spindle head, turret etc. These exclusion constraints are modelled by undirected graphs
, if and only if operations p and q cannot be executed by the same machining module, turret or at the same position, respectively.
The configuration of each machining unit depends on the operations assigned to it. The assignment of operations together, to be executed by the same machining unit, imposes additional constraints on the choice of the cutting parameters. The choice of these parameters influences the machining time for each particular part and the makespan for completing all parts.
Let P = 〈P 1 , . . ., P k , . . ., P m0 〉 is a design decision with P k = (P 1k11 , P 2k11 , . . .,P d 0 k11 , . . ., P 1k1b k1 , P 2k1b k1 , . . ., P d 0 k1b k1 , P 1k21 , P 2k21 , . . ., P d 0 k21 , . . ., P 1k2b k1 , P 2k2b k1 , . . ., P d 0 k2b k1 ), P dkjl = (N dkjl , Г dkjl ), P dkj = (P dkjl |l = 1, . . ., b kj ), P dk = (P dkj | j = 1, 2), and N j ¼
Machining time
The execution time t b (P dkjl ) of all operations from N dkjl with a feed per minute
where L(N dkjl ) = max{λ(p)|p ∈ N dkjl }, and τ a is an additional constant time for advance and disengagement of tools.
We assume that if a turret of type j is installed at kth position, then the execution time of all operations from N dkjl is equal to
where τ g is an additional fixed time for one rotation of turret.
If the spindle head is installed, then t h (P dkj ) = t b (P dkj1 ), |j = 1,2. If all N dkjl are empty, then t h (P dkj ) = 0.
The execution time t p (P dk ) is defined as
where τ r is an additional constant time for table rotation. The time T(P) of execution of all corresponding operations after μ 0 turns of rotary table is defined as follows:
We assume that the objective productivity is provided, if the total time T(P) does not exceed a given available time T 0 .
Let C 1 , C 2 , C 3 and C 4 be the relative costs for one position, one turret, one machining module of a turret and one horizontal spindle head, respectively.
Since a vertical spindle head (if it presents) is common for several positions, its size (and therefore the cost) depends on the number of positions to be covered. Let k h min and k h max be the minimal and maximal position number for positions covered by a common vertical spindle head. Then, the cost of such a spindle head can be estimated as C 4 þ k h max À k h min À Á C 5 , where C 5 is the relative cost for covering one additional position by a vertical spindle head.
The cost of a vertical turret can be estimated as
In the similar way, the cost C(b k2 ) for performing set of operations N k2 by associated b k2 machining modules can be assessed as follows:
The machine cost Q(P) is calculated as the total cost of all equipment used, that is,
where sign(a) = 1 if a > 0, and sign(a) = 0 if a ≤ 0.
The studied problem is to determine (a) an orientation for each part to be produced; (b) an assignment of operations from set N into subsets N kjl , k = 1,. . .,m 0 , j = 1,2, l = 1,. . .,b kj to be performed by machining module l of type j at working position k; (c) a feed per minute Г dkjl employed for each set of
in such a way that the machine cost Q(P) is as small as possible and all given constraints are respected.
It has to be coordinated with inclusion constraints on turrets, machining modules and tools, that is, we delete row r of H if h rs0 Þh rs 00
Each row of H defines in one-to-one manner a partition of N to N 1 and N 2 . Then, the optimal solution of the initial problem can be found as the best partition of corresponding N 1 and N 2 .
In the next section, we present MIP formulation of this problem.
MIP formulation
Let us introduce the following notations:
decision variable which is equal to 1 if operation p from N is assigned to lth machining module of spindle head or turret of type j at kth posi-
kjl auxiliary variable which is equal to 1 if at least one operation for machining elements of dth part is executed in lth machining module of spindle head or turret type j at kth posi-
auxiliary variable which is equal to 1 if at least one operation for machining elements of dth part is executed by a spindle head or turret of type j at
auxiliary variable which is equal to 1 if lth machining module of spindle head or turret of type j is installed at kth position; Y 1min auxiliary variable which is equal to k if k is the first position covered by a vertical spindle head or
auxiliary variable which is equal to 1 if at least one operation is assigned to kth position; It is assumed that (p, q)∈E DM if min (γ 2 (p), γ 2 (q)) < max (γ 1 (p), γ 1 (q)).
Since a vertical spindle head has the common feed rate for all its spindles, it is possible to check the feasibility of installing a common vertical spindle head. It cannot be installed if max{γ 1 (p)|p ∈ N 1 } > min{γ 2 (p)|p ∈ N 1 }. The vertical turret cannot be installed if there exist operations p ∈ N 1 and q ∈ N 2 such that (p,q) ∈ E SP or operations p ∈ N 1 and q ∈ N 1 such that (p,q) ∈ E DT ∪ E DP . If both above cases for spindle head and turret are identified, then the problem has no solution.
The objective function is as follows:
. ., m 0 should satisfy the following constraints:
If N 1 ≠ ⊘, variables Y 1min and Y 1max can be defined by the following constraints:
The following constraints define Y d kjl , Y d kj and Y kjl . They take 1, if and only if the corresponding sums are not equal to 0.
The constraints which prohibit empty machining modules are
A vertical turret cannot be combined with any other machining module at the same position:
If any vertical turret cannot be installed, then the following equations should be satisfied:
Each operation is assigned to one block, this constraint is expressed as follows:
If operation p is assigned to lth machining module of spindle head or turret of type j at kth position, each operation q, predecessor of p, has to be executed at a previous position or to be assigned to a previous machining module of the corresponding turret:
ðp; qÞ 2 D OR ; p; q 2 N j ; j ¼ 1; 2 (16)
Precedence constraints can be also modelled as follows:
For operations p and q that have to be performed at the same working position or by the same turret:
For operations p and q that have to be performed by tools of the same machining module or by the same spindle:
For operations p and q that have to be executed at different working positions:
For operations p and q that have to be executed by tools of different turrets, if turrets are used, but can also be executed by the same spindle head:
For operations p and q that have to be executed by tools of different machining modules:
The time of execution of operations from N d by lth machining module of spindle head or turret of type j at kth position cannot be less than the time of execution of any operation from N d assigned to this machining module:
The time of execution of operations from N d by lth machining module of spindle head or turret of type j at kth position cannot be less than the time of execution of any pair of operations from N d assigned to this machining module:
The time of execution of operations from N d at kth position cannot be less than the time of execution of vertical and horizontal spindle head or turret:
If a turret of type j with b kj machining modules is installed at kth position, then F d k ! P b kj l¼1 F d kjl þ b 0 τ g , if at least one operation from N d is executed by the turret and F d k ¼ 0, otherwise. If a spindle head of type j is installed at kth position, then F d k ! F d kj1 . The constraint on the throughput is respected if
Principal decision variables are binary:
Auxiliary decision variables are real and bounded:
Model (1)-(38) can be transformed by excluding constraints (20). In this case, family E SSM is created of such subsets e of N that include all operations connected by an edge from E SS or E SM . Then, constraints (15)-(19) and (21)-(26) are modified by leaving only one operation from each set e 2 E SSM . The efficiency of such a transformation is evaluated in the experimental study presented in Section 5.
An industrial example
A rotary machine is designed for machining six different parts presented in Figures 2-7.
Parameters of machining operations are given in Table 1 . Operations to be realised for parts 1, 2, 3 and 6 are located on two different sides and all operations for parts 4 and 5 are located on only one side. The sequence of loading parts is {1,2,5,-,3,4,-,6} where '−' means that no part is loaded.
The possible orientations of the parts are defined by the following expressions:
The total number of possible orientations of all parts is 64 = 2 6 . Precedence constraints, exclusion constraints for machining modules, turrets and working positions are presented in Tables 2-5, respectively. Inclusion constraints for positions and machining modules are given in Tables 6  and 7 . Operations to be executed by the same spindle are presented in Table 8 . The total number of feasible orientations of all the parts is reduced to 16 due to constraints from Tables 7 and 8. Other parameters of a rotary transfer machine are: τ a = τ g = τ r = 0.1 min. The available time T 0 is 13.2 min.
First, we solve problem (1)-(38) using academic version of CPLEX 12.2. The obtained optimal solution and its characteristics are presented in Tables 9 and 10 . The number of variables in the model (1)-(38) is 1224 and the number of constraints is 5521. The solution time was 1.31 s. The common vertical spindle head cover positions 2 and 3. Only parts 1-3 are machined at position 1 where a horizontal turret with 4 machining units is installed for machining these parts. Parts 1-5 are machined at position 2, and all the parts are machined at position 3. There are installed the horizontal turret with 4 machining modules for (parts 1-3; parts 1-3; parts 1-3; part 2) at the position 1 and the horizontal turret with 4 machining modules for part 6 at the position 2. The rotary table turns 1.65 min after the start, then in 2.14, 2.1, 1.73, 1.65, 0.24, 1.92 and in 1.73 min, respectively. The total time for machining all parts of the batch is 13.16 min. Then, we solve problem (1)-(38) again with CPLEX 12.2 but by using the reduction of constraints (20) as explained in Section 2. The obtained optimal solution and its characteristics are presented in Tables 11 and 12. The number of variables in the model is 828 and the number of constraints is 4824. The solution time was 1.21. There is the vertical spindle head common for positions 2 and 3. Parts 1-5 are machined at the position 2, and all the parts are machined at the position 3. There are installed the horizontal turret with 4 machining modules (part 6; part 6; part 6; part 6) at the position 1 and the horizontal turret with 4 machining modules (part 2; parts 1-3; parts 1-3; parts 1-3) at the position 2. The rotary table turns 1.65 min after the start, then in 2.14, 2.1, 1.73, 1.65, 1.92, 0.1 and in 1.73 min, respectively. The total time for machining all parts of the batch is 13.02 min.
Finally, the summary of the generated models and obtained results for different combinations of constraints (20), (17)-(18), (17′)-(18′), and (17″) is presented in Table 13 .
Experimental study
The purpose of this study is to evaluate the effectiveness of the proposed optimisation approach. Series of 100 test instances for 4, 6 and 8 different parts were generated. Their characteristics are presented in Figures 8-9 and Tables 14-16, where |N| is the number of operations, OSP is the order strength of precedence constraints, DM, DT, DP, SS and SM are the densities of graphs G DM , G DT , G DP , G SS and G SM , respectively. The constraints were generated using the techniques and software presented in Dolgui et al. (2008) . Experiments were carried out on ASUS notebook (1.86 GHz, 4 Gb RAM) with academic version of CPLEX 12.2.
First, we compare the results of using model (1)-(38) with different combinations of constraints (20), (17)-(18), (17′)-(18′) and (17″) for test instances with four parts. By analysing the results presented in Table 17 , we can see the positive impact of the reduction of constraints (20).
Then, we compare the effectiveness of modelling precedence constraints by (17)-(18), (17′)-(18′) and (17″). The summary results are presented in Table 18 .
Finally, we present in Table 19 the summary results of solving three series of 100 test instances for four, six and eight parts with constraints (17)-(18) and the transformation of constraints (20). The maximal available time was set up to 2 h (7200 s). Feasible solutions were found for all test instances. Only for two instances with six parts, the optimality of found solutions was not proved while the number of such instances with eight parts is equal to 11 with maximal gap 34.3% (see Table 20 ). Number of solved problems in function of time is depicted in Figure 10 . Parameters of easy and hard instances are presented in Tables 20 and 21, respectively. 1 2 3 4 5 6 7 8 10 1 2 3 4 5 6 7 8 9 11 1 2 3 4 5 6 7 8 12 1 2 3 4 5 6 7 8 11 13 1 2 3 4 5 6 7 8 14 1 2 3 4 5 6 7 8 13 15 1 2 3 4 5 6 7 8 16 1 2 3 4 5 6 7 8 15 17 1 2 3 4 5 6 7 8 13 14 
Conclusion
This paper has proposed a joint formulation for process planning and system configuration for design of rotary transfer machines for a mixed-model production of different parts. The objective of suggested models is to minimise the total system cost. A mathematical formulation with several variants for this combinatorial optimisation problem was developed and evaluated on an industrial case study. It was shown that the developed models could be successfully applied to the production cases with six different types of parts to be machined simultaneously at such a transfer machine. However, since the problem size is substantially increasing when the number of different types of parts is growing, as a consequence, it makes difficult to obtain optimal solutions for larger problem sizes. To address such problems efficiently within reasonable solution time, approximate methods have to be developed. Having such methods available will also allow envisaging the extension of the optimisation problem by considering the sequence of the parts to be determined at the same time as the process planning and the system configuration.
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